Knowledge about the distribution and origins of peptide-containing nerves in the innervated and transplanted heart is lacking. Immunohistochemical and histochemical techniques were used to visualize human cardiac innervation before and after transplantation. In the recipient heart cardiac nerve fibers and fascicles displayed immunoreactivity for general neural (protein gene product 9.5 and synaptophysin) and Schwann cell markers (S-100). A major proportion of cardiac nerves displayed neuropeptide tyrosine and tyrosine hydroxylase immunofluorescence staining. Subpopulations of nerves contained somatostatin, vasoactive intestinal polypeptide, calcitonin gene-related peptide, substance Por neurokinin-like immunoreactivity, and acetylcholinesterase activity. Tissues from cardiac allografts (5 weeks to 63 months after transplantation) contained nerves and ganglion cells that were acetylcholinesterase positive and immunoreactive for the general neural markers. These nerves were less numerous than in recipient hearts and rarely displayed neuropeptide immunostaining. Atrial natriuretic peptide immunoreactivity was localized to myocardial cells in transplanted hearts as well as explanted recipient and postmortem hearts. While most human cardiac allografts remain functionally extrinsically denervated, they appear to contain viable intrinsic nerves, and myocardial cells retain the capacity to produce atrial natriuretic peptide. (Circulation Research 1990;66:900-912) C ardiac innervation may now be visualized by use of sensitive immunohistochemical methods and antisera to neural marker proteins such as protein gene product 9.5 and synaptophysin.'-3 Efferent and afferent nerves may also be identified on the basis of their enzymatic or transmitter content, and several biologically active neuropeptides have been found in different subpopulations of mammalian cardiovascular nerves.2 However, there are considerable species variations in the number and distribution of nerve subtypes in the mammalian heart. In the guinea pig heart, for example, there are many putative sensory nerves that display tachykinin and calcitonin gene-related peptide immunoreactivity, whereas in other mammals these nerves occur
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Materials and Methods
Cardiac samples were obtained from 20 patients (aged 1-59 years; mean-+-SEM, 25 .2+3.8 years) during heart and lung transplantation. Recipient tissues were obtained from 11 patients (aged 1-59 years; 24.8+ 6 years) undergoing primary heart or heart-lung transplantation ( Table 1) . Allograft and recipient tissues were also obtained from an additional nine patients (aged 3-48 years; 25.7 +4.9 years) undergoing a second transplant procedure ( Table 2 ). In the latter group, seven patients had received a primary heart and lung allograft and two had received a heterotopic heart transplant. The period between the primary and secondary transplant procedures ranged from 5 weeks to 63 months (Table 2) . A further five hearts, from patients without cardiac complications (aged 24-75 years; 51.0±+10.0 years), were examined at postmortem after a 3to 15-hour delay between death and sampling. The collection of these tissues followed the ethical standards of the institutions in which they were obtained. Heterotopic cardiac transplantation was performed as previously described.14 The operative technique for heart-lung transplantation has also been described and results in extrinsic denervation of both the donor heart and lungs.15
Tissue Preparation
Cardiac tissues were processed immediately after surgical removal. Full-thickness transmural samples were taken from the lateral walls of both ventricles, the interventricular septum, papillary muscles, and both atria. In some cases, atrial trimmings were obtained from donor hearts, and the site of anastomosis between the recipient and primary donor aorta or pulmonary artery was also sampled. All tissues were fixed by immersion for approximately 16 hours at 40 C in a modified Bouin's solution containing 85 ml of 2% (wt/vol) paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) and 15 ml of saturated picric acid per 100 ml of fixative. After the tissues were rinsed in several changes of phosphate buffered saline (0.01 M, pH 7.2) containing 15% sucrose and 0.1% sodium azide, cryostat blocks were prepared by orientating the tissue on a cork mat, surrounding it in mounting medium (Tissue-Tek, Miles Inc, Elkhart, Indiana), and rapidly freezing it in melting dichlo- 
Relative number of stained nerves and ganglion cells rated arbitrarily. 0, no immunoreactivity detected; ±, immunoreactive nerves rarely detected; +, scattered individual nerve fibers; + +, moderate number of fibers; + ++ large number of fibers; + rodifluoromethane (Arcton, ICI, Cheshire, UK) suspended in liquid nitrogen.
Immunofluorescence Staining
An indirect immunofluorescence staining procedure and specific primary antisera were employed for investigation of the innervation of the tissues. The origins and specificity of these antisera have been previously described.,l3,16-18 Briefly, sections 15 ,gm thick were cut in a cryostat (Bright, Huntingdon, UK) at -25°C, mounted on poly-L-lysine-coated slides, and air dried for 1 hour at room temperature. After immersion in buffered saline containing 0.2% Triton X-100 for 30 minutes and rinsing in buffer, the sections were stained with pontamine sky blue (BDH, Poole, UK) for 30 minutes for reduction of background fluorescence.19 Sections were then rinsed in buffer, incubated with diluted primary antisera for 16-24 hours at 40 C, rinsed again, and incubated with fluorescein isothiocyanate-labeled sheep anti-rabbit IgG (diluted 1:100; Wellcome Diagnostics, Dartford, UK) for 1 hour at room temperature. After further rinsing the preparations were mounted in glycerol mixed 2: 1 with buffered saline and examined with a microscope (model AH-2, Olympus, Lake Success, New York) equipped for epi-illumination. Controls included the omission of the primary antiserum, replacement of the primary antiserum with preimmune serum, and preabsorbance of the antisera with their respective antigens (10'5-10`8 M).
The relative number of different immunostained nerves, in both the innervated and transplanted heart, was visually assessed in a semi-quantitative manner and arbitrarily graded from 0 to ++++ ( Table 3 ). Examples of this grading are given in the figures. The relative number of immunostained nerves in the perivascular plexus around coronary arteries and arterioles was also related to vessel location and size by means of measurements taken from 35-mm photographic negatives of immunostained preparations by use of a x 10 eyepiece micrometer. An average value of external diameter at the adventitial-medial border was obtained for each transversely sectioned vessel from two measurements made at right angles to one another.
Acetylcholinesterase Staining
The localization of acetylcholinesterase activity was investigated in alternate sections and in immu-nostained preparations by means of a method adapted from El Badawi and Schenk20 and Tago et al. 21 Sections were immersed in incubation medium at a 20-fold higher dilution than previously described20 for 30-60 minutes at 370 C. After rinsing in distilled water the acetylcholinesterase activity was visualized by immersion of the sections for 5 minutes in Tris hydrochloride buffer (50 mM, pH 7.6) containing 0.04% 3,3'-diaminobenzidine tetrahydrochloride and 0.3% nickel ammonium sulfate and then for a further 5-10 minutes with the addition of 0.003% hydrogen peroxide.21 Controls included incubation of the sections without acetylthiocholine iodide, addition of 10-4_10-6 M eserine (physostigmine, Sigma Chemical, St. Louis), substitution of butyrylthiocholine iodide for acetylthiocholine iodide, and addition of 10-4_10-6 M tetraisopropyl pyrophosphoramide (Sigma Chemical).
Results

Immunohistochemistry and Histochemistry of Innervated Hearts
Cardiac innervation was demonstrated by use of immunofluorescence techniques and antisera to general neural markers, neurofilament proteins, protein gene product 9.5, and synaptophysin. Immunoreactive nerve fibers and fascicles were distributed throughout the atrial and ventricular walls and exhibited a gradient in the relative number of nerve fibers from the atria to the ventricles (Table 3 ). Varicose nerve fibers were distributed among myocardial cells, around branches of coronary vessels, and in an endocardial plexus (Figure 1 ). In the tissue samples examined, intrinsic cardiac ganglia were confined to the atrial subepicardium and atrioventricular groove; none were found in ventricular tissues ( Figure 2 ). An inverse relation was observed between coronary artery external diameter and the number of perivascular nerves (Table 3 ). Epicardial and large intramyocardial coronary arteries (0.4-3.0 mm external diameter) were accompanied by nerve trunks but received relatively few nerve fibers at the adventitialmedial border (Figure 2 ). More distal artery branches (100-400 gm external diameter) possessed a moderate nerve supply. The perivascular plexus was concentrated around small intramyocardial arteries and arterioles (25-100 gm external diameter), where numerous immunoreactive nerves were found to encompass the vessels at the adventitialmedial border (Figures 2 and 3 ).
Many nerve fibers and fascicles displayed neuropeptide tyrosine immunoreactivity; they were concentrated in the myocardium, endocardium, and around the smaller branches of coronary arteries (Figures 2 and 3) . Tyrosine hydroxylase-immunoreactive nerves exhibited a similar distribution pattern.
Subpopulations of nerve fibers possessed immunoreactivity for other neuropeptides, the most common being somatostatin, which was localized to nerve fibers concentrated in atrial myocardium and endocardium and around intramyocardial arteries (Figures 4a and 4b ). Nerve fibers displaying vasoactive intestinal polypeptide immunoreactivity had a similar distribution pattern, while those containing calcitonin gene-related peptide, substance P, or neurokinin immunoreactivity were relatively sparse, occurring mainly around neural cell bodies in intrinsic ganglia and in nerve trunks (Figures 4c-g ; Table  3 ). No evidence was obtained of peptide immunoreactivity occurring in intrinsic neural cell bodies, although peptide-containing nerve fibers were regularly identified in cardiac ganglia (Figures 4e-g) . The relative rank order of peptide-containing cardiac nerves identified in the heart tissues was neuropeptide tyrosine> somatostatin >vasoactive intestinal polypeptide>calcitonin gene-related peptide, substance P, and neurokinins (Table 3 ).
There was a general trend for the number of immunostained nerves to decline in all regions with age. This decrease was associated with an increase in fibroelastic tissue. In cases exhibiting endocardial thickening and fibrosis, the endocardial plexus appeared to contain fewer nerves and was often confined to regions immediately below the endothelial cell layers or toward the subendothelialmyocardial junction rather than distributed throughout the endocardium. Scarred areas of infarcted myocardium also lacked immunoreactive nerves. The overall pattern of innervation and relative number of nerves were similar in the postmortem and surgical cases.
Acetylcholinesterase activity was demonstrated in intrinsic neural cell bodies and in many of the nerves displaying protein gene product 9.5 immunoreactivity (Figure 3 ). Due to the limited resolution of the light microscope, it was not possible to distinguish individual axons possessing cholinesterase activity or peptide immunoreactivity, but both populations appeared to be less numerous than total innervation identified with primary antisera to protein gene product 9.5.
Atrial natriuretic peptide immunoreactivity was localized to myocardial cells throughout the right and left atrial walls, in the ventricular conduction system, and in the ventricular myocardium of the failing explanted heart. The ventricular myocardium of postmortem cases without cardiac complications did not display immunostaining with antisera to atrial natriuretic peptide.
Immunocytochemistry and Histochemistry of Transplanted Hearts
Atrial and ventricular tissues from all nine cardiac allografts (5 weeks to 63 months after implantation) contained nerve fibers and fascicles displaying neurofilament, protein gene product 9.5, or synaptophysin immunoreactivity ( Figure 5 ). The relative number of immunostained nerves was less than in recipient hearts of similar age that possessed an intact innervation. An atrial-to-ventricular gradient was observed in the number of immunoreactive nerves demonstrated in the allografts (Table 3) . A notable feature of the neural immunostaining in the cardiac allograft tissues was the lack of neuropeptide tyrosineand tyrosine hydroxylase-immunoreactive nerves (Figures 6c-e ). This finding was in contrast to recipient hearts, in which these nerves predominated (Table 3 ). These nerves were either absent altogether or were rarely detected, as were atrial fibers displaying vasoactive intestinal polypeptide, somatostatin, calcitonin gene-related peptide, and substance P immunoreactivity. In addition to displaying protein gene product 9.5 and neurofilament immunoreactivity, nerve fibers in the allograft K_ - tissues contained synaptophysin, and most appeared to possess acetylcholinesterase activity (Figures 6f and  6g ). Neuronal cell bodies contained acetylcholinesterase activity, but lacked neuropeptide immunoreactivity. Synaptophysinand peptide-immunoreactive nerve fibers were rarely detected in ganglia in allograft tissues (Figures 7a-c) . The number and distribution of nerves in the cardiac allografts showed no apparent correlation with ischemic time, duration of graft, rejection, or the position in which the graft was placed.
Atrial natriuretic peptide immunoreactivity was localized to myocardial cells throughout the atria of allografts obtained 5 weeks to 63 months after either heterotopic heart or combined heart and lung transplantation (Figures 7f and 7g) . Ventricular subendocardial conducting and myocardial cells displayed immunoreactivity as well, but unlike explanted recipient hearts, some allografts also exhibited a subepicardial immunostaining of the ventricular myocardium.
Control Sections
No immunofluorescence staining was obtained when primary antisera were omitted, replaced with preimmune serum, or preabsorbed with their respective antigens. All the antisera were found to be specific except for the substance P antiserum, which exhibited a partial cross-reactivity with other tachykinins (neurokinin A and B). Specific acetylcholines-terase activity was not detected when acetylthiocholine iodide was omitted or replaced with butyrylthiocholine iodide and tetraisopropyl pyrophosphoramide (10'-io`6 M) was added. The addition of eserine (10`4 M) to the incubation medium also inhibited the development of a positive reaction.
Discussion
The majority of pretransplant tissues were obtained from failing explanted hearts, but postmortem and transplant donor tissues without intrinsic heart disease provided similar results, indicating that end-stage cardiac failure did not significantly alter the relative numbers of immunoreactive nerves. However, pronounced changes were observed in the innervation of cardiac tissues after cardiac transplantation; there were fewer nerves in general and a loss of peptide-containing nerves in particular.
Neuropeptide Tyrosine-Containing Nerves
Neuropeptide tyrosine-immunoreactive nerves represented the most numerous population of peptide-containing nerves identified in the human heart and had an extensive distribution pattern, which was similar to that of nerves containing tyrosine hydroxylase. The loss of these nerves in cardiac allografts indicates that they are of extrinsic origin. This conclusion is concordant with the effects of intrinsic neurons may make an important contribution in the rat,27 they probably do not represent a significant source of neuropeptide tyrosinecontaining nerves in human heart. It is possible, however, that some loss of immunoreactivity reflects a disruption of the cardiac ganglia secondary to transplantation.
Sensory Peptide-Containing Nerves
Immunohistochemical studies employing the sensory neurotoxin capsaicin have established that calcitonin gene-related peptide and tachykinins such as substance P occur together in afferent nerves supplying the mammalian cardiovascular system. '6'3336 We have also demonstrated that both peptides occur r NJ ,Ak ) 1 FIGURE 6. Immunofluorescence micrographs ofsections of aortic wall (panels a and b), right ventricle (panels c through e), and atrial septum (panels f and g) 11 together in nerve fibers in the human atrial appendage.3 However, in comparison with other animals such as the guinea pig, nerve fibers containing either calcitonin gene-related peptide or substance P immunoreactivity occur relatively infrequently in the human heart. Nerve fibers displaying immunoreactivity for both peptides were characteristically found in nerve trunks and around intrinsic neuronal cell bodies in cardiac ganglia, suggesting a possible interaction between afferent nerves and the autonomic innervation of the heart. The apparent absence of calcitonin gene-related peptide and substance P-immunoreactive nerve fibers in the cardiac allografts is consistent with an extrinsic origin for these nerves, presumably representing primary sensory vagal or spinal neurons.
Somatostatin and Vasoactive Intestinal Polypeptide-Containing Nerves
Somatostatin-immunoreactive nerves had a distribution pattern distinct from those displaying immunoreactivity for neuropeptide tyrosine, calcitonin gene-related peptide, or substance P, and were concentrated in atrial rather than ventricular tissues. This distribution pattern corresponds to that of parasympathetic nerves,4 and the finding of somatostatinimmunoreactive neuronal cell bodies in the develop-ing37 and adult human heart has led to the suggestion that somatostatin-containing nerves represent intrinsic, postganglionic parasympathetic neurons.28 An extrinsic origin cannot be excluded in view of the apparent loss of immunostained nerve fibers after transplantation, but it is also possible that the absence of a functional preganglionic innervation results in the down-regulation of peptide expression in postganglionic cardiac neurons. The apparent loss of somatostatin-immunoreactive nerves could also reflect a disruption of intrinsic cardiac ganglia secondary to transplantation. Nerves displaying vasoactive intestinal polypeptide immunoreactivity were also concentrated in the atria; however, they appeared to be less numerous than those containing somatostatin. The origin of these nerves is uncertain, for while vasoactive intestinal polypeptideimmunoreactive ganglion cells have been described in the dog,38 they were not demonstrated in the human heart.
Cardiac Allografts
Nerve fibers, fascicles, and ganglion cells demonstrated in cardiac allografts were concentrated in atrial tissue, displayed immunoreactivity for general neural markers, and possessed acetylcholinesterase activity. The persistent functional denervation of the transplanted human heart5'6'8,9 suggests that these nerves represent intrinsic postganglionic neurons. The functional status of the neurons is not known, but the localization of synaptophysin immunoreactivity in varicose nerve fibers indicates that they possess secretory vesicles of the type that are likely to contain classical neurotransmitters such as acetylcholine. 39 In contrast to humans, the transplanted hearts of experimental animals have been shown to exhibit functional extrinsic reinnervation.6,40 A gradual increase in tissue catecholamine levels and catecholamine-containing nerves parallels the return of autonomic responses,7'41'42 and this increase may be enhanced by treatment with nerve growth factor.43 If reinnervation can occur in humans, it would appear to require a much longer time than in experimental animals and could be hindered by rejection. The distinction between reinnervation in humans and animals may represent either a species difference or variations between allografts and autografts since may of the animal experiments involved autotransplantation. However, evidence has been obtained suggesting that functional reinnervation may occur in a minority of heterotopic allografts,44 and a recent study identified one case out of nine in which electrocardiographic and indirect clinical evidence of functional reinnervation was obtained 33 months after orthotopic cardiac transplantation.45
Attial Natriuretic Peptide
The distribution pattern of atrial natriuretic peptide immunoreactivity in the cardiac allografts was comparable, with that found in failing explanted human hearts,17 indicating that myocardial cells retain the capacity to produce the peptide for at least up to 5 years after transplantation and that this capacity is not dependent on a functional autonomic innervation. Basal plasma levels are raised in cardiac transplant patients, but the atrial natriuretic peptide secretory and hemodynamic responses to lower body positive pressure do not appear to be impaired by extrinsic cardiac denervation. 46, 47 In conclusion, nerves containing peptides such as neuropeptide tyrosine are prominent in the human heart, but are depleted in cardiac allografts and probably represent extrinsic neurons. The transplanted human heart appears to remain extrinsically denervated, but retains an intrinsic nerve supply and the capacity to produce atrial natriuretic peptide.
